Objective: To assess efficacy and safety of once-daily 8 or 12 mg perampanel, a noncompetitive ␣-amino-3-hydroxy-5-methyl-4-isoxazole-propionic acid (AMPA) receptor antagonist, when added to concomitant antiepileptic drugs (AEDs) in the treatment of drug-resistant partial-onset seizures.
molecular targets at relevant concentrations. 1, 2 In particular, perampanel does not inhibit NMDA receptors, a different class of ionotropic glutamate receptors with distinct physiologic roles at excitatory synapses.
Perampanel, like other selective AMPA receptor antagonists, has broad-spectrum activity in animal models used to identify antiepileptic drugs (AEDs), including electroshock, chemoconvulsant, and kindled seizure models. 2 AMPA receptor antagonists have not been found to cause the psychotomimetic effects that can occur with some NMDA receptor antagonists. 1, 3 Two phase II dose-escalation, placebocontrolled studies provided therapeutic proof of concept for perampanel in patients with partial-onset seizures, and suggested the maximum tolerated dose of perampanel. 4 Using this information, 3 phase III trials were initiated and have been reported: 1 assessing low/ middle once-daily doses (2, 4 , and 8 mg) 5 and 2 assessing middle/high once-daily doses (8 and 12 mg). 6, 7 The phase III trial reported here assessed the efficacy and safety of middle and high effective doses (8 and 12 mg) of perampanel when added to 1 to 3 approved AEDs in patients with uncontrolled partialonset seizures.
METHODS Classification of evidence. This interventional study had a Ͼ80% completion rate; it provides Class I evidence that once-daily, adjunctive perampanel (8 and 12 mg, respectively) significantly reduces seizure frequency (26.3% [ p ϭ 0.0261] and 34.5% [ p ϭ 0.0158]) compared with placebo (21.0%), and improves (albeit not statistically significantly) responder rates (37.6% [ p ϭ 0.0760] and 36.1% [ p ϭ 0.0914]) compared with placebo (26.4%) in patients Ն12 years with uncontrolled partial-onset seizures.
Standard protocol approvals, registration, and patient consents. This trial (Eisai Inc. protocol E2007-G000-304, Trial design. This was a multicenter, multinational, randomized, double-blind, placebo-controlled trial consisting of 4 periods: baseline, titration, maintenance, and follow-up or entry into extension trial. Enrolled patients entered a 6-week baseline period to assess pretreatment seizure frequency and determine their eligibility for the double-blind phase. Patients were then randomized (1:1:1) to once-daily treatment with placebo, perampanel 8 mg, or perampanel 12 mg. Randomization was performed using a computer-generated random allocation sequence, approved and locked after review by an independent statistician. Kit numbers were generated for blinded study drug/ kit dispensing by the investigator to each patient at each visit. Treatment codes remained blinded throughout the study. The 19-week double-blind treatment phase consisted of 6-week titration and 13-week maintenance periods. Seizure frequency data were captured in a diary maintained by the patient or caregiver. A 4-week follow-up phase at the end of the trial collected safety and efficacy data without treatment. Patients completing the maintenance period had the option to enter a perampanel openlabel extension trial (study 307, NCT00735397).
During titration, perampanel patients had weekly 2 mg increments up to the randomized dose. Patients experiencing intolerable adverse events (AEs) could defer up-titration or have their dose reduced. Consecutive 2 mg down-titration was discouraged and doses could be increased when tolerability improved. Patients not tolerating at least 2 mg of perampanel or placebo by the end of titration were withdrawn from the trial.
During maintenance, patients continued the dose achieved during titration. Patients who discontinued treatment during maintenance, or who did not participate in the extension trial, entered the follow-up phase.
Measurement of efficacy. Efficacy assessments included sei-
zure counts from patient diaries, Clinical and Patient Global Impression of Change (CGIC/PGIC), and the Quality of Life in Epilepsy questionnaire (QOLIE-31-P). The protocol-defined percent change in seizure frequency per 28 days for the intent-totreat (ITT) population (all patients receiving at least 1 dose of study medication in the double-blind phase and providing any seizure outcome data) in the 19-week double-blind phase was compared with baseline as the primary endpoint. The responder rate (percentage of patients who experienced a Ն50% reduction in seizure frequency in the maintenance period relative to baseline) was also designated as a primary endpoint for registration in the European Union (EU) according to EU guidelines.
Measurement of safety. Safety assessments included prior
and concomitant medication use, AEs, withdrawals, clinical laboratory parameters, vital signs, ECGs, physical and neurologic examinations, photosensitivity, and withdrawal questionnaires.
Statistical analysis. Sample size determination was based on
the mean reduction in seizure frequency in perampanel doseranging studies. 4 A sample of 125 patients in each treatment group was considered sufficient for Ͼ80% power to detect a treatment difference of 22% (assuming common SD of 56%) in percentage change in seizure frequency between placebo and each active treatment arm. This sample size had 90% power to detect a treatment difference of 16% in responder rate.
Initially, the analyses for percent change and Ն50% responder rate were to be done over the maintenance period for all patients who received at least 1 dose of study medication and who provided at least 2 weeks of seizure data during the doubleblind phase. The analysis for percent change in seizure frequency was modified to include all patients who received at least 1 dose of study medication in the double-blind phase and who provided any seizure outcome data (ITT analysis set); the responder rate analysis was modified to include all ITT patients. These are consistent with the Food and Drug Administration and European Medicines Agency guidelines. Other secondary efficacy endpoints included percent change in the frequency of complex partial seizures plus secondary generalized seizures in the doubleblind phase relative to baseline, and a dose-response analysis of percent change in seizure frequency during maintenance. Available seizure data during the double-blind phase were converted to seizure frequency per 28 days. For the analysis of percent change in seizure frequency, the baseline seizure frequency per 28 days and the percent change per 28 days during treatment were rank transformed separately prior to regression analysis due to the skewed distribution of the seizure frequency data. An analysis of covariance (ANCOVA) was then conducted on the ranktransformed data, with treatment and pooled countries as factors and the ranked baseline seizure frequency per 28 days as a cova-riate. Log transformation-based ANCOVA was conducted to assess the robustness of the results. Dose-response analysis of the percent change in seizure frequency was performed via a linear contrast using the ranked ANCOVA model described above. These analyses were prespecified in the protocol.
Responder rates were analyzed using the Cochran-Mantel-Haenszel test adjusting for pooled countries, with last observation carried forward for patients with less than 8 weeks of maintenance seizure data.
A closed, sequential testing procedure (8 mg then 12 mg treatment group vs placebo) was employed to control the familywise type I error rate for analyses of the primary efficacy endpoint for different dose groups. America. A total of 320 (82.5%) patients completed the trial and 68 (17.5%) discontinued early, including 40 (10.3%) due to AEs. The proportions of patients achieving their randomized dose were 103 (77.4%) and 78 (58.7%) for 8 and 12 mg perampanel, respectively. Patient disposition is outlined in figure 1 . Study groups were evenly distributed for demographic and epilepsy characteristics (table 1) . Patients taking 1, 2, and 3 AEDs were 15.5%, 55.7%, and 28.9%, respectively. Mean number Ϯ SD of prior (last 5 years) and concomitant AEDs at baseline across all groups was 2.8 Ϯ 1.2. The median number of seizures ranged from 12.0 to 14.3 per 28 days during baseline.
RESULTS
Efficacy. The median percent changes in seizure frequency over the double-blind phase were Ϫ26.3% ( p ϭ 0.0261), Ϫ34.5% ( p ϭ 0.0158), and Ϫ21.0% for 8 mg, 12 mg, and placebo, respectively, based on the rank ANCOVA ( figure 2A ). Log transformation- figure 2B) . In a subanalysis of responder rates by region, the North American (n ϭ 227) responder rates significantly differed from placebo (21.9%, p Ͻ 0.05 for both) for perampanel 8 mg (40.5%) and 12 mg (40.0%), whereas the Central and South American (n ϭ 160) responder rate showed no difference vs placebo (33.3%) for either perampanel 8 mg (33.9%) or 12 mg (30.2%).
The numbers needed to treat were 9 and 10 patients for a responder, and the absolute risks (95% CI) were 11.2% (Ϫ0.2, 22.5) and 9.7% (Ϫ1.7, 21.0), respectively, for 8 and 12 mg. Mean compliance was Ͼ98% in all groups.
Categorical seizure reductions at 75%-100% were 18.8% ( p ϭ 0.001) and 17.3% ( p ϭ 0.001) for 8 and 12 mg, respectively, vs 5.0% for placebo ( p values were not adjusted for multiplicity). Seizurefree rates during the entire maintenance period were 2.2% (8 mg) and 1.5% (12 mg) vs 0.0% (placebo), conforming to the preferred "pragmatic ITT" suggested by Gazzola et al. 9 Seizure-free rates using the maintenance period excluding dropouts showed similar results with 2.6% (8 mg) and 2.0% (12 mg) vs 0.0% (placebo).
The CGIC at the end of treatment showed "much" or "very much" improvement with perampanel treatment: 43.2% ( p ϭ 0.0122) for 8 mg and 35.7% ( p ϭ 0.2545) for 12 mg vs 27.4% for placebo. The PGIC showed "much" or "very much" improvement with perampanel treatment: 51.6% ( p ϭ 0.0533) for 8 mg and 46.5% ( p ϭ 0.2706) for 12 mg vs 38.5% for placebo. Responses given in the QOLIE-31-P showed that changes in quality of life were similar between groups.
Safety. Treatment-emergent AEs (TEAEs) are summarized in table 2. The majority of TEAEs were rated mild or moderate (83.9% for perampanel vs 95.0% for placebo). The most common TEAEs occurred in the CNS (table 2) . Worsening seizures, defined as a Ͼ50% increase in seizures compared with baseline, occurred in 9% (8 mg) and 9% (12 mg) of patients vs 14% (placebo).
TEAEs more frequent with perampanel (occurring in Ն1%) and leading to discontinuation were dizziness (3.0% vs 0%), ataxia (2.6% vs 0%), aggression (1.9% vs 0% [mild n ϭ 1, moderate n ϭ 3, severe n ϭ 1]), vertigo (1.9% vs 0%), dysarthria (1.1% vs 0%), somnolence (1.1% vs 0%), and blurred vision (1.1% vs 0%). Study drug interruptions or dose reductions with perampanel (occurring in Ն2%) were dizziness (13.5%), somnolence (5.2%), ataxia (2.2%), headache (2.2%), hypersomnia (2.2%), and vertigo (2.2%).
There were no cases of sudden unexpected death in epilepsy. One patient was found dead after a convulsion during baseline. Six patients in the placebo group had a total of 8 serious AEs (SAEs), 8 patients in the 8 mg group had a total of 9 SAEs, and 9 patients in the 12 mg group had a total of 15 SAEs. These events led to discontinuation of study treatment in 2, 2, and 6 patients, respectively. The only relevant SAEs (occurring in Ն1 patient in any group) were those related to epilepsy (e.g., convulsion, grand mal convulsion, and status epilepticus) in 1 (Ͻ1%) patient in the placebo group, 2 (1.5%) in the 8 mg group, and 4 (3.0%) in the 12 mg group. There were also 2 SAEs of staphylococcal wound infection in the 8 mg group. Psychiatric SAEs overall had a higher rate in the 12 mg group (3.7%) than the 8 mg (Ͻ1%) or placebo (1.7%) groups. There were no reports of abuse or diversion of perampanel. One placebo patient and 1 perampanel 8 mg patient each had a TEAE related to suicidality (suicidal ideation).
No clinically important mean changes in laboratory values, ECGs, vital signs, or physical or neurologic examinations were observed. The large majority of patients with markedly abnormal laboratory values were taking concomitant carbamazepine, oxcarbazepine, or valproic acid. Weight increase Ͼ7% was observed in 19.2% of perampanel-treated patients without any apparent dose effect, vs 8.3% in the placebo group. The mean weight changes from baseline were 1.6 kg (8 mg) and 1.9 kg (12 mg) vs 0.6 kg (placebo). There were 3 reported overdoses each in the placebo and perampanel 12 mg treatment groups; all were errors associated with drug blister pack configuration except for 1 patient in the 12 mg group (nonstudy drug overdose). Two patients received 14 mg of perampanel instead of 12 mg.
Over 80% of patients did not complete the post-baseline withdrawal questionnaire (continued treatment in the extension study); however, of those who did, most rated each symptom as none or mild. For the photosensitivity questionnaire, 1 patient in both the placebo and 8 mg groups and 3 patients in the 12 mg group recorded positive responses to skin rash/reaction/change in pigmentation/skin complaint. DISCUSSION Perampanel is the first AED with a specific action on glutamate-mediated excitatory neurotransmission reporting phase III clinical trials. The present study demonstrated that the frequency of partial-onset seizures in patients with drugresistant epilepsy is reduced by adjunctive administration of once-daily 8 mg or 12 mg doses of perampanel.
Only patients with highly treatment-resistant partial-onset seizures were enrolled into this study. The impact of perampanel in less refractory patients and other seizure types and syndromes is currently unknown. While the specific mechanism of perampanel remains to be fully explored, no other activity has been detected 1,2 against other molecular targets. Therefore, this phase III study, in conjunction with a separate phase III study of lower daily doses, 5 provides support for the clinical utility of targeting AMPA receptors for the treatment of partial-onset seizures. The exploratory efficacy endpoints were based on variables related to seizure frequency, such as number of seizure-free days, and on more subjective measurements, such as the PGIC and CGIC. Results showed general improvement associated with perampanel, further supporting the findings of primary and secondary efficacy endpoints.
When analyzed according to percent change in seizure frequency, both doses of perampanel produced a significantly greater reduction in median seizure frequency than observed with placebo. The magnitude of seizure reduction was comparable to that reported in clinical efficacy trials of other recently approved AEDs. In addition, the proportion of patients experiencing a Ն50% reduction in seizure frequency was greater with 8 and 12 mg perampanel compared with placebo; however, the magnitude of reduction was not significantly different vs placebo.
The difference between outcomes for seizure frequency and responder rate may be that responder rate is a single point in an entirety of response and not a continuous variable. Thus, 50% responder rate provides less information from all possible responses; it may be less sensitive. Increasing the gauge of responder rate to 75% showed greater improvements compared with placebo.
In North American patients, the 50% responder rate for both perampanel 8 mg and 12 mg differed significantly from placebo. In contrast, Central and South American patients showed no difference between groups. The North American results here are consistent with those from a previous study conducted in central Europe and Asia. 5 The basis for the regional difference in responses is unexplained, but the observation that the placebo responder rate was substantially higher than expected in Central and South American patients implies that patient selection or study conduct may have been an issue.
Once-daily 8 mg perampanel was relatively well tolerated. Although dizziness and somnolence did occur at this dose, the rate of withdrawal due to TEAEs was similar to that with placebo (6.8% vs 6.6%, respectively). No safety issues associated with psychotomimetic effects were seen with perampanel, as predicted by previous studies with AMPA antagonists. 1, 3 Weight gain occurred but with only modest mean increases over the 19 weeks of treatment. A modestly greater frequency of AEs occurred with 12 mg; however, the large majority of AEs were mild/ moderate in severity with both doses. Although the maintenance period was twice as long as the titration period, AEs were less frequent during maintenance than titration, suggesting they were (to some extent) transient in nature and possibly related to the fixed titration schedule. It is noteworthy that the dose-dependent increase in AE frequency was accompanied by greater efficacy (percent reduction in seizures) at the higher dose. Rapid titration to the high dose, as required by clinical trial design, may exacerbate AEs which could be eliminated in clinical practice by more gradual titration. For certain patients, for example those with more refractory epilepsy, it is expected that the 12 mg dose will provide enhanced efficacy with acceptable tolerability. Furthermore, once-daily dosing of perampanel may offer a practical benefit, potentially increasing its attractiveness to some patients.
Along with an identically designed trial performed primarily in Europe, South Africa, and the United States, 6, 7 this study will support the regulatory approval of perampanel for partial-onset seizures. The data presented here indicate that perampanel at a daily dose of 8 or 12 mg is efficacious with acceptable tolerability.
